Background: Indoor residual spraying (IRS) is being implemented as one of the malaria prevention methods in the Northern Region of Ghana. Changes in longevity, sporozoite and entomological inoculation rates (EIRs) of major malaria vectors were monitored to assess the impact of IRS in selected districts.
Background
The use of indoor residual spraying (IRS) and insecticidetreated nets (ITNs) as key vector control interventions has seen a massive scale-up over the last decade [1] . This scale-up together with other case management and preventive measures were reported to have contributed to a global decline in malaria mortality rates by about 47% between 2000 and 2013, and by 54% in the World Health Organization (WHO) African Region [2] . It is known that IRS as a vector control intervention can be highly
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Malaria Journal *Correspondence: Sylvester_Coleman@africairs.net 1 USAID President's Malaria Initiative Africa Indoor Residual Spraying Project, Accra, Ghana Full list of author information is available at the end of the article effective when over 80% of the target population are covered [3] . The effectiveness of IRS has been demonstrated through surveys that show a reduction in entomological indices of transmission [4] [5] [6] or significant reduction in malaria prevalence [4] , morbidity and mortality [7, 8] . However several challenges threaten the efficacy of IRS. Studies have found that the scale up of IRS and ITNs contribute to changes in vector behaviour [5, 9] , and changes in vector species composition or selection for certain traits that may support rapid evolution of insecticide resistance [10] . In areas where pyrethroid resistance is widespread, non-pyrethroid insecticides can be used to maintain the efficacy of IRS. However, new insecticides and formulations tend to be more expensive than the previously used pyrethroids, and have partly contributed to the scale-down of IRS coverage in some countries, including Ghana [2, 11] .
In Ghana, IRS forms a key component of the national malaria control strategic plan to reduce the malaria burden in the country [12, 13] . Currently, IRS is being implemented in the Northern Region through support from the United States President's Malaria Initiative (PMI) and in Upper West Region and Obuasi municipality in the Ashanti region supported by the Global Fund. The PMI supported IRS programme in northern Ghana was scaled down from 9 districts in 2012 to 4 districts in 2013 and 2014, as a result of the switch of insecticides from pyrethroid to a more expensive organophosphate. However the national malaria control strategic plan calls for national scale-up of IRS in the country. In view of the sub-national differences in intensity of malaria transmission [14, 15] and the logistical difficulties of IRS implementation in some areas, there is the need to document the epidemiological and entomological impact of already existing IRS programmes in the different ecological zones of the country [15] before a rapid country-wide scaleup of this intervention. This is needed to provide evidence for decision-making and guide future programme implementation.
Findings of the impact of the IRS operations, as well as IRS withdrawal on the sporozoite and entomological inoculation rates across two sentinel districts of the PMI IRS program in Northern Region, Ghana are discussed in comparison with an unsprayed district. The impact of IRS on parity rates as an indicator of longevity was also measured in sprayed and unsprayed districts.
Methods

Study areas
Three districts in the IRS programme area were selected for entomological monitoring, namely: Savelugu Nanton District (hereafter SND) (9.25° and 10.8°N and 0.33° and 1.00°W), Tolon Kumbungu District (TKD) (9.15° and 10.70°N, 0.52° and 1.23°W), and Tamale Metropolis (TML) (9.16° and 9.34° N and 00.34° and 00.59 o W). Three rural communities within each district were used as sentinel sites (Fig. 1) . Tarikpaa, Diare and Nanton communities under SND and Gbullung, Woribugu and Dimabi communities under TKD were purposively selected as entomological sentinel sites. Three rural communities (Kulaa, Tugu and Yong) under the Tamale metropolis with no history of IRS and no near term plans for IRS implementation were selected as control sentinel sites for comparison of trends on longevity, sporozoite infectivity and entomological inoculation rates.
All the study sites are rural and located in Ghana's northern savannah zone, which experiences a unimodal rainy season that occurs between May and November, with the peak months (July to September) receiving between 150 and 250 mm of rainfall per month. The rainy season is followed by a dry season that lasts from December until March [16] . The annual range of temperature is between 25 and 30 °C [16] , which appears to be favourable for Anopheles larval development. A typical housing complex found in the study area consists mainly of compounds made up of round huts roofed with thatch and scattered over large farmlands.
Mean daily rainfall data from the study area was obtained from weather stations of the Ghana Meteorological Services Department in Savelugu and Tamale, and Savannah Agricultural Research Institute (SARI)-Tolon Kumbungu. Both districts reverted to alphacypermethrin in 2011. In 2012, the two district programmes diverged. Due to emerging insecticide resistance concerns [17] , communities in SND were sprayed with an organophosphate insecticide (pirimiphos methyl CS formulation at a rate of 1 g/m 2 ) with a residual life of 4-6 months, whereas communities in TKD were still sprayed with alphacypermethrin. IRS was discontinued in TKD in 2013 due largely to cost considerations, but continued in SND with pirimiphos methyl CS through 2014. Meanwhile the neighbouring control district TML received no IRS throughout. The timeframe for IRS rounds is presented in Table 1 . 
IRS campaigns and insecticides used
Spray coverage and quality
The programme implemented intensive mobilization and sensitization campaigns. Spray operators were also well trained and closely supervised to make sure the required quality of operation was achieved [18, 19] .
ITN campaigns, coverage and use
Data on ITN coverage and use was obtained at the regional level from the 2008 and 2014 Demographic and Health Surveys and the 2011 Multiple Indicator Cluster Survey [15, 20, 21] , each of which were conducted nationwide at the end of the rainy season.
Adult mosquito collections
Using the human landing catch (HLC) method [22] monthly mosquito collections were conducted simultaneously across all study sites. In each sentinel community, 8 trained mosquito collectors worked in two teams of four, working in 2 houses each night from 6 p.m. to 6 a.m. In each house 2 collectors worked indoors whilst the other 2 worked outdoors. Collections were done for a total of 4 nights to sample 8 houses in the community per month (24 houses in a district per month). Collectors shifted between indoor and outdoor every hour and were allowed to take 10 min breaks between shifts. Due to logistical challenges, there were occasional gaps in monthly monitoring, but a total of 61 out of 65 months were covered.
Mosquito identification and processing
Vector species identification
Mosquitoes collected were morphologically identified to species level using taxonomic keys [23] . Mosquito samples of the Anopheles gambiae complex were further identified into sibling species using ribosomal DNApolymerase chain reaction (PCR) [24] and into molecular forms following the PCR-RFLP (restriction fragment length polymorphism) procedure [25] .
Parity dissections
About 30% of unfed An. gambiae s.l. identified morphologically was dissected per site per month, except for months when very few numbers of An. gambiae s.l. females were captured. Three of every ten unfed An. gambiae s.l. identified morphologically from the hourly collections per site were selected for dissection. The selected mosquitoes were dissected and their ovaries examined for parity by observing the degree of coiling in the ovarian tracheoles [26] . Due to financial and logistical challenges, monthly parity data are available from 2011 to 2014.
Circumsporozoite assay
The head and thoraces of a subset (~10%) of Anopheles mosquitoes collected were tested using enzyme-linked immunosorbent assay (ELISA) [27] for the presence of circumsporozoite protein (CSP) of Plasmodium falciparum, the major malaria parasite in the study areas. These tests were performed at the Noguchi Memorial Institute for Medical Research (NMIMR) laboratory in Accra, Ghana.
Data analysis
The number of mosquitoes collected per month which belonged to important Anopheles vector species (An. gambiae s.l. and An. funestus group) was used as the denominator to calculate the following ratios:
• Yearly variations in parity and sporozoite rate for Anopheles spp. collected from IRS and unsprayed districts were compared through a z test for differences in proportions. Pearson's correlation was used to assess the relationship between rainfall and EIRs. All tests were performed at 0.05 significance level, using SPSS version 20 and Microsoft Excel ® .
Results
Spray coverage
The timeframe for IRS implementation, insecticide used and yearly coverage is presented in Table 1 . The intensive mobilization and sensitization campaigns implemented by the programme ensured high spray coverage (Table 1) . Over 80-90% coverage was achieved in both districts each year, with the exception of 68% coverage in SND in 2014 [19] , attributed to low acceptance among certain town populations.
ITN campaigns, coverage and use
ITN coverage and use was found to be high across all study areas. This reflected the large-scale efforts of the National Malaria Control Programme (NMCP) and Table 2 ). There was monthly and yearly variation in abundance of the main vectors (An. gambiae s.l. and An. funestus) in all the areas. The vector abundance in all the areas coincided with the peak of the rainy season (Fig. 2) . The mean biting rates of vectors in the unsprayed communities were higher than biting rates for the IRS areas across all the years. The biting rate of the main vectors from all sites significantly reduced over the duration of the study (2009) (2010) (2011) (2012) (2013) (2014) 
Parity rates of vectors
Higher proportions of parous female An. gambiae s.l. were collected from the unsprayed district compared to sprayed districts (Table 4 ; Fig. 3 ) (p < 0.0001). Whereas a general decrease in the proportion of parous mosquitoes was observed across the IRS sites, parity rates in the IRS withdrawn and the unsprayed district remained high. The proportion of parous An. gambiae s.l. collected in SND in 2011 was reduced from 44.8 to 37.4% in 2012 when the district was sprayed with pirimiphos methyl CS (z = 2.55, p = 0.011). The proportion of parous females was further reduced to 27.5% (z = 3.22, p = 0.001) in 2013. Despite a significant reduction in parity rates in 2012 (z = 3.24, p = 0.001) when IRS was being implemented, the withdrawal of IRS in 2013 from TKD resulted in an increase in the proportion of parous (older) mosquitoes from 46.6% in 2012 to 50.4% in 2013 (z = −2.07, p = 0.038). Parity rates in TKD increased to 68.5% in 2014 (z = −9.79, p < 0.0001). Parity rates in TML remained high, increased somewhat from 64.3% recorded in 2013 to 72.3% in 2014 (z = −6.11, p < 0.0001) ( Table 4) .
Sporozoite rate of local vector species
Whereas sporozoite infection in SND was reduced to a level that could not be detected in 2013 and 2014, the sporozoite rates in TKD (after IRS withdrawal) and Tamale (unsprayed district) remained high (p < 0.05) ( Table 5 ) in comparison to the sprayed area.
Entomological inoculation rate of local vector species
Malaria transmission was highly seasonal across all sites (Fig. 3) , as expected. The highest EIRs were observed during the rainy season (May-October) across all the sites. Bivariate Pearson's correlation analysis of the monthly EIRs with rainfall showed that the mean monthly EIRs had a positive correlation with rainfall across all the sentinel sites: SND (R = 0.447, p < 0.001), TKD (R = 0.276, p = 0.030) and TML (R = 0.282, p = 0.026). All infections in SND were detected during the rainy season. However, in TKD and TML malaria transmission still occurred in the dry season (Fig. 3) .
The entomological inoculation rate (EIR), was lower in the IRS districts sprayed with the organophosphate compared to districts sprayed with pyrethroids, unsprayed and IRS withdrawn districts (Fig. 3) . The EIRs during the post-IRS months (July-December) in the two IRS districts (SND and TKD) were suppressed until 2012 There was yearly variation in EIRs in all the sites but EIRs in the control district (TML) remained high compared to the sprayed areas.
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Discussion
The major purpose of IRS is to reduce malaria transmission by reducing the survival of malaria vectors after entering and feeding on humans inside dwellings and consequently preventing transmission of malaria infection to others [28] . The general significant decline in the parity rates in the IRS district over the years (from 2011 to 2014) can likely be attributed to the effect of the IRS [5, 29] . Parity rates of vectors in TKD were reduced when IRS was being implemented in 2012 but increased steadily after the withdrawal of IRS in 2013 through 2014. Even though some climatic factors, such as temperature and humidity, are known to affect vector longevity and abundance of parous females [30] , such climatic factors, as well as ITN ownership and use are expected to be similar across all IRS and non-IRS districts in this study, which are adjacent to each other. Therefore, the most likely factor for the low parity rate in the sprayed districts is the IRS operation in these districts, demonstrating the benefit of adding IRS where there is modest to high level ITN coverage. The results confirms the seasonality of malaria transmission in all the study sites as indicated by previous studies in Northern Ghana [14, 31, 32] and justifies the one spray round per year approach adopted by the PMI IRS programme in the area.
The EIR in SND was low at the beginning of the study but increased subsequently in 2010 and 2011. The increase can likely be attributed to pyrethroid resistance in the area. However, the timely change to an organophosphate (pirimiphos methyl CS) resulted in reduction in EIR to undetectable levels in 2013 and 2014.
The study found An. gambiae s.l. to be the predominant vector species collected from all sentinel sites. This is consistent with studies in other parts of the country that also found An. gambiae s.l. to be the major Anopheles species feeding on humans in Ghana [14, 33] . The predominance of An. gambiae s.l. could in part be attributed to its high reproductive potential [34] and its high plasticity [35] . The relatively high number of An. funestus collected from TKD over the period could be attributed to the presence of rice irrigation farms in the area, as some studies [36, 37] have found that An. funestus prefers to breed in semi-permanent waters and sites shaded by vegetation, a condition provided by the irrigation sites in the area. The presence of the rice irrigation farms in the TKD area could have also created several breeding sites for mosquitoes even in the dry season and may account for the relatively high number of An. gambiae s.l. collected in TKD district.
Distribution of An. coluzzii and An. gambiae s.s. has been found to be dependent on ecological and . This in-part explains the increased malaria transmission intensity observed in TKD in 2012, bringing to the fore the important role that insecticide choice plays in the effectiveness of an IRS programme within the context of an insecticide resistance management strategy. Two years after the withdrawal of IRS malaria transmission intensity increased by about threefold in TKD, in spite of the high ITN coverage maintained in Northern Region by the door-todoor campaign in 2012 and the school-based campaigns in 2013 and 2014. This suggests that in the event that a decision is taken to discontinue IRS in a similar high burden savannah area, additional efforts such as intensive quality social and behaviour change communication (SBCC) to promote proper use of ITNs amongst all age groups and encourage correct malaria prevention and treatment behaviours at the household level may be warranted. Data from TML (unsprayed district) suggests strongly that IRS in the neighbouring district led to the reductions in transmission in the neighbouring district. The yearly fluctuations and relative reductions in transmission intensity in TML shows that factors other than IRS operational quality and pesticide choice, such as rainfall and ITN usage are going to affect transmission indices.
Central to the formulation of malaria control strategies is a more critical understanding of the relationship between malaria risk factors, EIRs and disease outcomes. Therefore collection and analysis of routine health information system data on how the reductions in the entomological indicators of malaria transmission translate to reduction in disease burden in the area would be important.
Conclusions
The reduction in malaria transmission in the study districts demonstrates the effectiveness of IRS programmes and the potential benefits of their expansion. However, insecticide resistance and its resulting cost implications will determine impact and feasibility of IRS implementation.
The study demonstrated that the shift from the pyrethroid based IRS to organophosphates was effective in reducing the longevity of Anopheles vector species and eventually their malaria transmission potential. However, the withdrawal of IRS led to an increase in entomological indicators of malaria transmission, suggesting that maintenance of high local ITN coverage was not adequate to prevent a rebound of entomological indicators.
The study shows that if IRS is done optimally, it can contribute to significant reductions in key malaria transmission indices. Therefore collection and analysis of routine health information system data is important to complement entomological indicators of malaria transmission.
collectors were recruited from the communities and made to sign an inform consent form before participating in the study. Although, the risk to mosquito collectors was low, any collector that showed symptoms of malaria was treated according to the national guidelines for malaria treatment.
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